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Summary (max 2000 characters): 
The objective of Task 25 is to analyse and further develop the methodolo-
gy to assess the im-pact of wind power on power systems. The Task has 
established an international forum for ex-change of knowledge and experi-
ences related to power system operation with large amounts of wind pow-
er and has actively followed parallel activities with Transmission System 
Operators other R&D Task work. The participants have collected and 
shared information on the experience gained and the studies made up to 
and during the task. The case studies have addressed different aspects of 
power system operation and design, mainly: balancing, grid impacts and 
capacity credit of wind power.  
 
In the meetings, all participants have made presentations of the wind inte-
gration issues in their country, results so far and on-going activities. In the 
latest meetings presentations have been grouped to different topics to bet-
ter dwell into the details of modelling challenges. In addition, there has 
been some telephone/web meetings for the journal articles and Recom-
mendations report. In the Task 25 meetings, updates from other interna-
tional work are also given (EU/TPWIND and SET-Plan, IEEE, IPCC). TSO 
collaboration is important for Task 25 work. There has been TSO participa-
tion in all meetings, with the participants from Canada, Denmark and Italy 
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This report presents the results of DTUs participation in IEA Wind Task 25 – Phase 2. DTUs 
participation in Task 25 Phase 2 has been funded by the Danish Energy Agency program for 
development and demonstration of the Danish energy policy (EUDP-09-I journal nr. 64009-
0100). From DTU, Peter Meibom has done a great work in Phase 1 and Phase 2 until he left 
DTU 31 October 2012. The undersigned has been less involved phase 2, but represents DTU in 
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Summary 
The objective of Task 25 is to analyse and further develop the methodology to assess the im-
pact of wind power on power systems. The Task has established an international forum for ex-
change of knowledge and experiences related to power system operation with large amounts of 
wind power and has actively followed parallel activities with Transmission System Operators 
other R&D Task work. The participants have collected and shared information on the experi-
ence gained and the studies made up to and during the task. The case studies have addressed 
different aspects of power system operation and design, mainly: balancing, grid impacts and 
capacity credit of wind power.  
 
In the meetings, all participants have made presentations of the wind integration issues in their 
country, results so far and on-going activities. In the latest meetings presentations have been 
grouped to different topics to better dwell into the details of modelling challenges. In addition, 
there has been some telephone/web meetings for the journal articles and Recommendations 
report. In the Task 25 meetings, updates from other international work are also given 
(EU/TPWIND and SET-Plan, IEEE, IPCC). TSO collaboration is important for Task 25 work. 
There has been TSO participation in all meetings, with the participants from Canada, Denmark 
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1. Introduction 
An R&D Task titled “Design and Operation of Power Systems with Large Amounts of Wind 
Power” was formed in 2006 within the “IEA Implementing Agreement on the Co-operation in the 
Research, Development and Deployment of Wind Turbine Systems” (www.ieawind.org) as Task 
25. The aim of the R&D task is to collect and share information on the experience gained and 
the studies made on power system impacts of wind power, and review methodologies, tools and 
data used.  
 
The objective of Task 25 is to analyse and further develop the methodology to assess the im-
pact of wind power on power systems. The Task has established an international forum for ex-
change of knowledge and experiences related to power system operation with large amounts of 
wind power and has actively followed parallel activities with Transmission System Operators 
other R&D Task work. The participants have collected and shared information on the experi-
ence gained and the studies made up to and during the task. The case studies have addressed 
different aspects of power system operation and design, mainly: balancing, grid impacts and 
capacity credit of wind power. 
 
Since Task 25 was initiated in 2006 for a three years period, it has been extended twice, so at 
this stage, the work is in three phases: 
∙ Phase 1 (2006 – 2008) 
∙ Phase 2 (2009 – 2011) 
∙ Phase 3 (2012 – 2014) 
 
The Task is currently finalizing the final summary report of IEA WIND Task 25, Phase 2 (2009 – 
2011) (Holttinen et.al.) which will include the contributions from DTU. The final version of the 
summary report is planned to be published by the end of October 2012. Thus, this report aims 
at presenting, in short, the main coordinates of the activities in the Phase II, with focus on the 
meetings and the presentations that were facilitated through the project.  The summary report 
will be forwarded to EUDP once it is published. 
 
Wind power in Denmark is expected to cover up to 50% of electricity consumption in 2020 ac-
cording to the policy announced in 2011. The activities in IEA Wind Annex 25 have provided ac-
cess to international knowledge exchange and corporation about power systems with large 
shares of wind power in the Annex will therefore contribute to achieving the large share of wind 





The work plan and administration of Task 25 is managed by VTT Technical Research Centre of 
Finland that has designated Dr. Hannele Holttinen to carry out the work 
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Task 25 has participants from research institutes, transmission system operators, electric utili-
ties and other stage holders.With the objective to analyse and further develop the methodology 
to assess the impact of wind power on power systems, it has been particularly valuable to have 
participation from 6 Transmission system Operators (TSOs from Denmark, Norway, Ireland, 
Germany, Portugal and Spain) from countries with large scale wind power in the power sys-
tems. 
 
The following countries and institutes have participated in phase 2 of Task 25: 
 
Country Organisation 
Canada Hydro Quebec 
Denmark Energinet.dk  
Technical University of Denmark - Risø DTU 
Europe EWEA European Wind Energy Association 
Finland VTT Technical Research Centre of Finland 
Germany  Amprion  
Fraunhofer IWES 













University Castilla La Mancha 
Sweden KTH 
UK Centre for Distributed Generation & Sustainable Electrical Energy 
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3. Meetings in Phase 2 
The international forum for exchange of knowledge and experiences has been established 
through the meetings organised so far. The second phase of the Task 25 activities included 6 
meetings, given in the following list. The numbering of the meetings is including the phase I ac-
tivities, hence it starts with the 7th overall Task 25 meeting. 
 
∙ 7th R&D meeting in London, UK, March 2009, hosted by DG&SEE (Imperial College). 22 
people from 11 countries +EWEA were present. 
∙ 8th R&D meeting at ECN, the Netherlands, October 2009, hosted by ECN. 22 people from 12 
countries + EWEA were present 
∙ 9th R&D meeting in Toledo, Spain, March 2010, hosted by University Castilla la Mancha to-
gether with the Regional Energy Agency. 24 people from 12 countries + EWEA were present 
∙ 10th &D meeting in Montreal, Canada, October 2010, hosted by Hydro Quebec. 28 people 
from 13 countries + EWEA were present  
∙ 11th R&D meeting in Stockholm, Sweden, April, 2011, hosted by KTH, 20 people from 11 
countries + EWEA were present  
∙ 12th R&D meeting in Lisbon, Portugal, September, 2011, hosted by LNEG, 21 people from 
13 countries + EWEA were present  
 
In the meetings, all participants have made presentations of the wind integration issues in their 
country, results so far and on-going activities. In the latest meetings presentations have been 
grouped to different topics to better dwell into the details of modeling challenges. In addition, 
there has been some telephone/web meetings for the journal articles and Recommendations 
report. In the Task 25 meetings, updates from other international work have also been given 




4. DTU contributions to phase 2 
The presentations done fully or partially by DTU in internal Task 25 Phase 2 meetings are cop-
ied in Appendix A. It consists of the following presentations:  
 
∙ Peter Meibom. Forecasts in Unit Commitment Models (October 2009). Petten, Netherlands 
∙ Poul Sørensen. IEC 61400-27 Electrical simulation models for wind power generation (Octo-
ber 2009). Petten, Netherlands 
∙ Peter Meibom. Recent activities and planned work (March 2009).  London, United Kingdom 
∙ Juha Kiviluoma (VTT) and Peter Meibom (DTU).  Results from comparing deterministic, sto-
chastic, MIP and LP WILMAR runs for systems with wind power and electric vehicles (March 
2010). Toledo, Spain 
∙ Peter Meibom. Advanced Unit Commitment in Eastern Interconnector (April 2011). Stock-
holm, Sweden 
 
IEA Task 25 Phase 2 has published the following presentations / papers with participation form 
Denmark: 
 DTU Wind Energy E-0014 (EN) 9 
∙ Kiviluoma, J., Meibom, P., Tuohy, A., Troy, N., Milligan, M., Lange, B., Gibescu. M., O’Malley, 
M.,  Short term energy balance with increasing levels of wind energy, IEEE Transactions of 
Sustainable Energy, Vol. 3, Issue 4, pp. 769-776, 2012, DOI: 10.1109/TSTE.2012.2209210  
∙ Holttinen, H., Meibom, P., Orth, A., Lange, B., O’Malley, M., Tande, J.O., Estanqueiro, A., 
Gomez, E., Söder, L., Strbac, G., Smith, J.C., van Hulle, F., Impacts of large amounts of wind 
power on design and operation of power systems, results of IEA collaboration, Wind Energy, 
Vol. 14, pp. 179-192, 2011, epublished, DOI: 10.1002/we.410.  
∙ Invited presentation of Task 25 in AnemosPlus (EU project) workshop, Paris 29th June, 2011 
(H.Holttinen) 
∙ Kiviluoma J, O’Malley M, Tuohy A, Meibom P, Milligan M, Lange B, Holttinen H, Gibescu M, 
“Impact of Wind Power on the Unit Commitment, Operating Reserves and Market Design”, in 
Proc. of IEEE Power and Energy Society General Meeting 24 – 28 July 2011, Detroit, USA 
(presented by P.Meibom, Risö-DTU) 
∙ EWEA2011 conference: Task 25 grid integration session in IEAWIND side event 16th March, 
2011 (three presentations from OA, Peter Meibom Risö-DTU and J Charles Smith, UWIG) 
∙ Invited presentation in Exchange of balancing services between the Nordic and the Central 
European synchronous systems, International workshop 26-27 January 2011, Oslo Garde-
moen, Norway 
∙ Invited presentation in EWEAs GRIDS2010 conference on 24th November, 2010. 
∙ Session on European experiences in UWIG seminar 15th Oct 2010, Quebec 
∙ Presentation in IEA ECES (storage implementing agreement) workshop 14-15th July 2010, 
Germany (F.Schlögl) 
∙ Presentations of Task 25 for ENTSO-E Renewable energy working group, May 2010 
(H.Holttinen, M.O’Malley) 
∙ Presentation of Task 25 work for IEA electricity coordination group workshop meeting Apr 
2010, Paris (H.Holttinen) 
∙ Paper and presentation, Bremen wind integration workshop Oct 2009 (H.Holttinen), Task 25 
session with presentations from US, Canada, Finland/Denmark and Ireland 
∙ Kassel Energy Symposium Sep 2009 (H.Holttinen) 
∙ IEA Secretariat Electricity Grid Coordination Meeting Feb 2009 (L.Söder) 
∙ EU project SOLID-Der workshop Feb 2009 (J.Kiviluoma) 
∙ IEA Secretariat IREG2 project kick-off meeting Feb 2009 (H.Holttinen) 
∙ European Wind Energy Conference EWEC’2009 March 2009 (H.Holttinen) 
∙ Paper and presentation Wind Integration workshop in Madrid (H.Holttinen) and AWEA 




5. Future work (Phase 3) 
The relevance of the activities in Task 25 was recognized and an extension was approved by 
the IEA WIND Executive Committee in 2011. Phase III is covering the period 2012 – 2014. The 
Danish participation is supported through an EUDP financed project: journalnr 64012-0135.  
The overall objective for Task 25 during the next period remains the same as when the Task 
started: to provide information to facilitate the highest economically feasible wind energy pene-
tration within electricity power systems worldwide. Task 25 supports this goal by analysing and 
further developing the methodology to assess the impact of wind power on power systems and 
by producing information on the range of impacts and best practices to assess the impacts.  
Expected results are: 
∙ Enhanced international collaboration and coordination in the field of wind integration 
∙ Database for large scale wind power production time series 
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∙ Collaborative journal articles summarising and further analysing the work in national case 
studies 
∙ Updated library of wind integration case studies  
∙ Updated Recommended Practices report 
 
DTU will contribute to these results by participation in meetings and contributions to the reports 
written in the annex. Expected contributions from DTU are: 
∙ Scenarios for wind power development 
∙ Synthetic wind power time series. 
∙ Methodology: Intra hour balancing and reserve requirements. Use of joint Energinet.dk / DTU 
tool Simba for simulation of balancing in the Danish power system. 
∙ Wind power contribution to ancillary services - results from EU Reservices project 
∙ Dynamic wind power models for stability studies - results from development of new standard 
IEC 61400-27 
 DTU Wind Energy E-0014 (EN) 11 
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 DTU presentations Appendix A
This appendix provides the slides from the following presentations fully or partly done by DTU at 
a biannual task force 25 – Phase 2 meeting: 
  
Peter Meibom. Forecasts in Unit Commitment Models (October 2009). Petten, Nether-
lands 13 
Poul Sørensen. IEC 61400-27 Electrical simulation models for wind power generation 
(October 2009). Petten, Netherlands 18 
Peter Meibom. Recent activities and planned work (March 2009).  London, United King-
dom 26 
Juha Kiviluoma (VTT) and Peter Meibom (DTU).  Results from comparing deterministic, 
stochastic, MIP and LP WILMAR runs for systems with wind power and electric vehicles 
(March 2010). Toledo, Spain 
34 
Peter Meibom. Advanced Unit Commitment in Eastern Interconnector (April 2011). Stock-








1Including wind power forecasts in unit commitment models
Peter Meibom, Risø DTU, October 12th 2009, Petten, The Netherlands
2
Content
• Generate wind power forecasts




• Using expected wind power (deterministic with forecast error)
• Additional demand for reserves
• Stochastic programming (multiple forecasts)
13 IEA Wind, DTU participation in Annex 25 phase 2
23
Generate wind power forecasts
• Until now: simulated wind power forecasts
• Ongoing work: using real wind power forecasts in UC tools (e.g.
Anemos Plus)
• Replace assumption about wind power forecasts errors being
normally distributed with
• wind speed forecast errors being normally distributed
• due to shape of power curve of wind turbines
• Wind power forecast error dependant on forecast horizon?
• Weak dependence for forecast horizons above 6 hours
• So we have to create liquid intra-day markets with gate closure
times below 6 hours
4
Western Denmark 2006 (EA Energianalyse)
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Standard deviations of wind speed forecast errors for 6 Irish locations
6
UC models
• Mixed integer linear programming model
• Objective function: minimisation of operational costs
• Binary decision variable: online status of unit
• Positive decision variable: power generation of unit
• System wide restrictions:
• E.g. supply/demand balances: power, reserves
• Unit restrictions
• E.g. capacity restrictions, minimum up and down time, start-up
times
• For large power systems often solved by relaxing the binary
requirement i.e. 0 ? online status ? 1 giving linear programming
problem
15 IEA Wind, DTU participation in Annex 25 phase 2
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Stage 3Stage 1 Stage 2
12 15 18 21 00 03 00
Rolling Planning Period 1:
Day- ahead scheduling
Rolling Planning Period 2
Stage 3Stage 1 Stage 2
8
Adding wind power forecasts to UC models
• Using one forecast (expected wind power)
• Deterministic with forecast error
• Only one UC commitment schedule
• No up/down regulation required within one planning loop
• Add increased demand for reserves due to wind power forecast
errors:
• Allocation of production capacity from spinning units or fast
starting off line units to cover demand for reserves
16 IEA Wind, DTU participation in Annex 25 phase 2
59
Calculation of demand for reserves
• Calculation of increased reserve demand should be done by
combining all uncertainty i.e. forecast errors of wind power
production and load and forced outages of units and lines
• Demand for reserves should be calculated relatively to expected
wind power production and load for a given forecast horizon
10
Adding wind power forecasts to UC models
• Stochastic programming handling several wind power forecasts
(Wilmar):
• Several tentative UC plans for future time steps
• Up/down regulation within one planning loop
• More capacity started up to cover several future UC plans
• Better than deterministic with forecast error in model studies
[Tuhoy et. al., IEEE Trans. Power Systems, 2009]:
•Operational costs differences small (below 1%)
•Large differences in usage of mid merit and peak load power
plants
• But deterministic with forecast error maybe the way UC actually
takes place today
• Very demanding with regard to calculation times, generation of
stochastic input and data
17 IEA Wind, DTU participation in Annex 25 phase 2
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Recent activities and planned work 2009-2011




• 100% renewable energy system in 2060 in North Europe –role of
large-scale (hydrogen) storage
• Finland in 2025: nuclear versus wind power
• Importance of intra-day rescheduling of power exchange
between countries and unit commitment of power plants
(Tradewind)
• Other wind power integration activities in Denmark
• Energinet.dk: 50% wind power in Denmark in 2025




• Planned activities at Risø DTU 2009-2011
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3Role of large-scale storage
• Analysis done with Balmorel (www.balmorel.dk) : linear optimisation
model generating investments
• Denmark, Germany, Finland, Norway, Sweden
• 100% renewable energy sources based energy system in 2060:
• Biomass: only resources within the countries
• Wind power
• Solar heating and photo voltaics in Germany
• Investment possibilities:
• Wind power on-shore and off-shore
• Biomass CHP plant, hydrogen CHP plant (CC or fuel cell)
• Electric boilers, heat pumps, heat storage
• Hydrogen production using electrolysis or directly from biomass
• Hydrogen storage
• Large energy savings assumed implemented in 2060
4
Role of large-scale storage
• 6-hourly time step: reanalysis data for wind power
• Transport fuels for passenger cars either hydrogen or electricity
• FC: fuel cell technologies are successfully developed leading to
introduction of electrolysis based on fuel cells, fuel cell power plants
and fuel cell cars.
• NOFC: fuel cell technologies are not coming into the market place in
larger quantities. Hence combined cycle power plants using
hydrogen are replacing fuel cell power plants, alcaic electrolysis are
replacing fuel cell electrolysis, and electric cars are used instead of
fuel cell cars.
• ESTO: Same as NOFC except that the possibility for the electric
cars of providing electricity storage to the power system is taken into
account.
• HDFC: Same as FC except that the electricity and heat demands
are increased 100% in order to test if the renewable energy sources
are sufficient to cover a case with less energy savings implemented.
27 IEA Wind, DTU participation in Annex 25 phase 2
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7Role of large-scale storage
• Investment in hydrogen storage capacity corresponded to 1.2% of
annual wind power production in the scenarios without a hydrogen
demand from the transport sector, and approximately 4% in the
scenarios with a hydrogen demand from the transport sector
• Even the scenarios without a demand for hydrogen from the
transport sector saw investments in hydrogen storage due to the
need for flexibility provided by the ability to store hydrogen.
• The storage capacities of the electricity storages provided by plug-in
hybrid electric vehicles were too small to make hydrogen storage
superfluous.
8
Nuclear versus wind power
• Kivilouma & Meibom, Influence of wind power, plug-in electric
vehicles, and heat storages on power system investments, submitted
to Energy
• Balmorel analysis of Finland in 2035
• Hourly time resolution using 26 selected weeks to describe a year
• Base case without heat measures and plug-ins
• Heat measures: electric boilers, heat pumps and heat storages
• Plug-ins: charging and discharging of electric vehicles included in
optimisation
29 IEA Wind, DTU participation in Annex 25 phase 2
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Importance of intra-day rescheduling (Tradewind)
• Wilmar calculation covering 25 European countries
• Comparison operational costs in 4 model runs:
• AllDay: Unit commitment for slow units and power exchange
over borders determined day-ahead (12-36 hours ahead) and
not rescheduled intra-day. The dispatch (production levels) of
the committed units can be changed intra-day subject to the
minimum and maximum operation levels.
• ExDay: Like AllDay except for unit commitment for slow units
now being rescheduled intra-day. Cross-border exchange is still
allowed day-ahead only.
• AllInt: Like ExDay but power exchange allowed to be
rescheduled intra-day.
• AllIntExRes: Like AllInt but exchange of replacement reserves
across borders allowed
• 2020 and 2030 scenarios for demand, wind power, fuel prices
• Wind share of consumption: 2020: 11%, 2030: 13%
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Importance of intra-day rescheduling (Tradewind)
• Allowing for intra-day unit commitment is crucial:
• 5% increase in total system costs when comparing AllDay and
ExDay for both 2020 and 2030.
• Extreme scenarios, because in reality some rescheduling will
always take place.
• 5% difference in system costs between AllDay and ExDay is
very dependant on the assumed value of VOLL
• Value of intraday power exchange is 1% of total system costs being
respectively 712 MEuro and 1420 MEuro for AllInt2020 and
AllInt2030 compared to ExDay2020 and ExDay2030.
• Only small costs savings of 40 MEuro for both 2020 and 2030 are
associated with allowing exchange of replacement reserves across
borders
• No investment cost savings included
12
Wind power integration activities in Denmark (examples)
• 50% wind power (of consumption) in DK in 2025
• According to recent energy agreements in Danish parliament
• Wind power expansion mainly off-shore
• Energinet.dk will analyse this challenge during the next years
• EDISON
• Newly started research project involving Danish Energy
association, DTU, Dong, IBM, Siemens
• Development of power and information infrastructure for electric
vehicles in DK
• Development of architecture and algorithms for information
handling and charging
• Demonstration: Risø DTU –SYSLAB, Dong, Bornholm
31 IEA Wind, DTU participation in Annex 25 phase 2
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Wind power integration activities in Denmark (examples)
• Project Better place:
• DONG to invest 94 MEuros
• 2009-2010: testing prototypes, building charging infrastructure
• 2011: mass-produced electric vehicles for sale
• Day-ahead power market in Nordel:
• Introduction of negative power market prices from October 2009
• Investment in electric boilers and maybe heat pumps by district
heating companies in DK
14
Planned activities at Risø DTU 2009-2011
• Estimation of demand for minute reserves as a function of installed
wind power capacity (SUPWIND)
• Demonstration of Wilmar Planning tool for day-to-day operation of
power systems with high wind power penetration:
• Ireland as case study in Anemos Plus
• Denmark as case study in SUPWIND
• Influence of plug-in electric and hybrid electric vehicles for wind
power integration:
• Phd project and Danish research project (title: Power for road
transport, flexible power systems and wind power). The
influences on both day-to-day operation and on investments are
analysed.
• The long-term development of power systems with high wind power
penetration are analysed with optimisation models generating
investments.
32 IEA Wind, DTU participation in Annex 25 phase 2
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Planned activities at Risø DTU 2009-2011
• Simulation of wind power time series, particularly relevant for large
scale offshore locations with geographical concentration of the wind
power
• Frequency control of synchronous power systems with large scale
wind power integration
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I N S I G H T S  F R O M  T H E  D A T A
 M I P  g e t s m o r e e x p e n s i v e
t h a n L P  s l o w l y o v e r t i m e
Æ H i g h e r s t a r t - u p c o s t s
o r l a r g e r u n i t s a t  t h e  
m a r g i n w o u l d y i e l d
l a r g e r d i f f e r e n c e s
 D e t e r m i n i s t i c g e t s m o r e
e x p e n s i v e t h a n s t o c h a s t i c
i n  j u m p s
 C e r t a i n s i t u a t i o n s y i e l d
t h e  d i f f e r e n c e ( f o r  
e x a m p l e n u c l e a r u n i t i s  



















M I P  - L P  ( D u m b ,  S t o c h )





















H o u r s o f  t h e  y e a r
H o u r s o f  t h e  y e a r
3 6 I E A  W i n d ,  D T U  p a r t i c i p a t i o n  i n  A n n e x  2 5  p h a s e  2
71 6 / 0 3 / 2 0 1 0
T H E  B E N E F I T S  O F  S M A R T  E V s  C U T  U P
T o t a l s y s t e m b e n e f i t o f  2 0 5 € / v e h i c l e / y e a r
S p i n n i n g  
r e s e r v e s
1 6  %
I n t r a d a y  
f l e x i b i l i t y
2 6  %
D a y - a h e a d  
p l a n n i n g
2 1  %
I n v e s t m e n t s  
a n d  f i x e d
3 7  %
8
1 6 / 0 3 / 2 0 1 0
V T T  c r e a t e s  b u s i n e s s  f r o m  
t e c h n o l o g y
3 7 I E A  W i n d ,  D T U  p a r t i c i p a t i o n  i n  A n n e x  2 5  p h a s e  2
91 6 / 0 3 / 2 0 1 0
S t o c h
1 0
1 6 / 0 3 / 2 0 1 0
D e t F o r
3 8 I E A  W i n d ,  D T U  p a r t i c i p a t i o n  i n  A n n e x  2 5  p h a s e  2
1 1
1 6 / 0 3 / 2 0 1 0
0
5 0 0
1 0 0 0
1 5 0 0




S u M o T u W e
C o n s u m p t i o n a r r i v i n g t o  t h e  g r i d
1 2
1 6 / 0 3 / 2 0 1 0
C H A R G I N G  B E H A V I O R
e x a m p l e o f  m o d e l r e s u l t s
- 2 0 0 0
0
2 0 0 0
4 0 0 0
6 0 0 0
8 0 0 0
1 0 0 0 0
0 : 0 0 6 : 0 0 1 2 : 0 0 1 8 : 0 0 0 : 0 0 6 : 0 0 1 2 : 0 0 1 8 : 0 0
M
W
C a p a c i t y
D u m b  c h a r g i n g
S m a r t  c h a r g i n g
3 9 I E A  W i n d ,  D T U  p a r t i c i p a t i o n  i n  A n n e x  2 5  p h a s e  2
1 3
1 6 / 0 3 / 2 0 1 0
T H E  B E N E F I T S  O F  S M A R T  E V s  C U T  U P
T o t a l s y s t e m b e n e f i t o f  1 7 2  € / v e h i c l e / y e a r
S p i n n i n g  
r e s e r v e s
1 9  %
I n t r a d a y  
f l e x i b i l i t y
3 3  %
D a y - a h e a d  
p l a n n i n g
2 6  %
I n v e s t m e n t s  
a n d  f i x e d
2 2  %
1 4
1 6 / 0 3 / 2 0 1 0
S T O C H A S T I C / D E T E R M I N I S T I C  A N D  M I P / L P  C O M P A R I S O N
1 . 3 2  %4 . 7 1  %4 7 3 9S t o c h L P
1 . 3 4  %4 . 6 8  %4 7 4 6D e t F o r L P
1 . 2 9  %4 . 6 9  %4 7 5 1D e t F o r M I P
1 . 2 4  %4 . 7 1  %4 7 4 5S t o c h M I P
S m a r tD u m bN o  E V s
A n n u a l s y s t e m c o s t ( M € )  
i n  d i f f e r e n t m o d e s
I n c r e a s e i n  a n n u a l
s y s t e m c o s t s w i t h
’ d u m b ’ o r ’ s m a r t ’ E v s
C o n s u m p t i o n h a s
i n c r e a s e d b y 3 . 4 8 %
V e r y s m a l l d i f f e r e n c e s
–
L o t o f  s m a l l u n i t s i n  t h e  s y s t e m
S m a r t E V s  
d e c r e a s e s t a r t - u p s
S t o c h a s t i c
i n f o r m a t i o n a d d s
v a l u e t o  t h e  E V  
o p t i m i s a t i o n
4 0 I E A  W i n d ,  D T U  p a r t i c i p a t i o n  i n  A n n e x  2 5  p h a s e  2
A d v a n c e d  U n i t  C o m m i t m e n t  i n  t h e  E a s t e r n  
I n t e r c o n n e c t
• P r o j e c t  T e a m
• N R E L  – P r o j e c t  M a n a g e m e n t ,  d a t a  a n d  m o d e l i n g  f o r  t h e  U S
• R i s o e D T U  – d e v e l o p e r  o f  t h e  S c h e d u l i n g  M o d e l
• U n i v S t u t t g a r t  I E R  – d e v e l o p e r  o f  t h e  S c e n a r i o  T r e e  T o o l
• E C A R  – A s s i s t a n c e  o n  a n a l y s i s  a n d  m o d e l  r u n s
• O b j e c t i v e s
• U n d e r s t a n d  t h e  i m p a c t s  o f  f o r e c a s t  e r r o r  o n  t h e  e a s t e r n  i n t e r c o n n e c t
• U n d e r s t a n d  t h e  i m p a c t s  a n d  b e n e f i t s  o f  s t o c h a s t i c  p l a n n i n g  o n  t h e  e a s t e r n  
i n t e r c o n n e c t i o n
• U n d e r s t a n d  t h e  i m p a c t s  a n d  b e n e f i t s  o f  r o l l i n g  U C  u p d a t e s  o n  t h e  e a s t e r n  
I n t e r c o n n e c t i o n
• S c o p e
• U s e s  t h e  W I L M A R  t o o l
• U s e s  c o n s i s t e n t  d a t a  w i t h  E a s t e r n  W i n d  I n t e g r a t i o n  a n d  T r a n s m i s s i o n  S t u d y
• T h r e e  d a t a  y e a r s ,  4  u n i t  c o m m i t m e n t  s c e n a r i o s ,  s e n s i t i v i t y  r e q u i r i n g  c o a l  a s  
m u s t  r u n
S t u d y  S y s t e m
R e g i o n O n s h o r e  ( M W ) O f f s h o r e  ( M W ) T o t a l  ( M W ) A n n u a l  E n e r g y  
( T W h )
I S O - N E 8 , 8 3 7 5 , 0 0 0 1 3 , 8 3 7 4 6
M I S O + M A P P 6 9 , 4 4 4 0 6 9 , 4 4 4 2 8 8
N Y I S O 1 3 , 8 8 7 2 , 6 2 0 1 6 , 5 0 7 4 8
P J M 2 8 , 1 9 2 5 , 0 0 0 3 3 , 1 9 2 9 7
S E R C 1 , 0 0 9 4 , 0 0 0 5 , 0 0 9 1 6
S P P 8 6 , 6 6 6 0 8 6 , 6 6 6 2 4 5
T V A 1 , 2 4 7 0 1 , 2 4 7 4
T o t a l 2 0 9 , 2 8 2 1 6 , 6 2 0 2 2 5 , 9 0 2 7 4 5
E W I T S  S c e n a r i o  2 :   
“ H y b r i d  w i t h  O f f s h o r e ”
4 1 I E A  W i n d ,  D T U  p a r t i c i p a t i o n  i n  A n n e x  2 5  p h a s e  2
T h e  W I L M A R  t o o l
• I m p r o v e  d e c i s i o n  m a k i n g  b y  u s i n g  i n f o r m a t i o n  c o n t a i n e d  i n  w i n d  p o w e r  
p r o d u c t i o n  a n d  l o a d  f o r e c a s t s
• I n f o r m a t i o n :  E x p e c t e d  w i n d  p o w e r  p r o d u c t i o n  a n d  l o a d ,  b u t  a l s o  p r e c i s i o n  o f  
f o r e c a s t ,  i . e .  t h e  d i s t r i b u t i o n  o f  t h e  w i n d  p o w e r  p r o d u c t i o n  f o r e c a s t  e r r o r s
• I n f o r m a t i o n  a c c u r a c y  i m p r o v e s  a s  y o u  g e t  c l o s e r  t o  r e a l - t i m e
• S t o c h a s t i c  P l a n n i n g :  P l a n n i n g  w i t h  r e p r e s e n t a t i o n  o f  s t o c h a s t i c  v a r i a b l e s  t o  
p r o v i d e  f o r  a  m o r e  r o b u s t  s y s t e m
• R o l l i n g  P l a n n i n g :  U s i n g  u p d a t e d  i n f o r m a t i o n  t o  a d j u s t  u n i t  c o m m i t m e n t  
d e c i s i o n s  m o r e  f r e q u e n t l y .
T h e  W I L M A R  t o o l
• H o w :  
• B u i l d  s y s t e m - w i d e  s t o c h a s t i c  o p t i m i s a t i o n  m o d e l  w i t h  t h e  w i n d  p o w e r  
p r o d u c t i o n  a n d  l o a d  a s  a  s t o c h a s t i c  i n p u t  p a r a m e t e r
• C o v e r i n g  b o t h  d a y - a h e a d  s c h e d u l i n g  a n d  r e s c h e d u l i n g  d u e  t o  u p d a t e d  w i n d  
p o w e r  a n d  l o a d  f o r e c a s t s
• C o n s e q u e n c e :  M o d e l  m a k e s  u n i t  c o m m i t m e n t  a n d  d i s p a t c h  d e c i s i o n s  b e i n g  
r o b u s t  t o w a r d s  w i n d  p o w e r  p r o d u c t i o n  a n d  l o a d  f o r e c a s t  e r r o r s
4 2 I E A  W i n d ,  D T U  p a r t i c i p a t i o n  i n  A n n e x  2 5  p h a s e  2
S c e n a r i o  T r e e  T o o l
• G e n e r a t i o n  o f  s c e n a r i o  t r e e s  c o n t a i n i n g  s t o c h a s t i c  i n p u t  p a r a m e t e r  
f o r  S c h e d u l i n g  M o d e l :
• W i n d  p o w e r  f o r e c a s t s
• L o a d  f o r e c a s t s
• D e m a n d  f o r  r e p l a c e m e n t  r e s e r v e s
• G e n e r a t i o n  o f  S e m i - M a r k o v  p r o c e s s e s  d e s c r i b i n g  a v a i l a b i l i t y  /  
u n a v a i l a b i l i t y  o f  p o w e r  p l a n t s
• I m p l e m e n t e d  i n  M a t l a b
• R e p l a c e m e n t  r e s e r v e  ( p o s i t i v e  r e s e r v e s  f o r  d i f f e r e n t  f o r e c a s t  
h o r i z o n s ) :
• D e m a n d  t i m e  a n d  s c e n a r i o  d e p e n d a n t  ( d e t e r m i n e d  f o r  f o r e c a s t  h o r i z o n s  
f r o m  1  h o u r  t o  3 6  h o u r s  a h e a d )
• D e m a n d  d e p e n d a n t  o n  w i n d  p o w e r  a n d  l o a d  f o r e c a s t s  
• O f f l i n e  u n i t s  c a n  p r o v i d e  t h i s  t y p e  o f  r e s e r v e  i f  t h e y  h a v e  s t a r t - u p  t i m e s  o f   
l e s s  t h a n  a n  h o u r
R i s ø  D T U ,  T e c h n i c a l  U n i v e r s i t y  o f  D e n m a r k
R e p l a c e m e n t  R e s e r v e s
0
1 0 0 0
2 0 0 0
3 0 0 0
4 0 0 0
5 0 0 0
6 0 0 0
7 0 0 0
8 0 0 0
1 3 5 7 9 1 1 1 3 1 5 1 7 1 9 2 1 2 3 2 5 2 7 2 9 3 1 3 3 3 5















I S O _ N E
M A P P
M I S O _ C e n t r a l
M I S O _ E a s t
M I S O _ W e s t
N Y _ I S O
P J M
S E R C
S P P _ C e n t r a l
S P P _ N o r t h
T V A
R e s e r v e  i n c r e a s e s  w i t h  a s  u n c e r t a i n t y  i n c r e a s e s
4 3 I E A  W i n d ,  D T U  p a r t i c i p a t i o n  i n  A n n e x  2 5  p h a s e  2
R i s ø  D T U ,  T e c h n i c a l  U n i v e r s i t y  o f  D e n m a r k
E x a m p l e  W i n d  F o r e c a s t s
0 . 0
5 0 0 0 . 0
1 0 0 0 0 . 0
1 5 0 0 0 . 0
2 0 0 0 0 . 0
2 5 0 0 0 . 0
3 0 0 0 0 . 0
















S c e n a r i o  1 S c e n a r i o  2 S c e n a r i o  3 S c e n a r i o  4
S c e n a r i o  5 S c e n a r i o  6 E x p e c t e d  V a l u e R e a l i z e d  V a l u e
R i s ø  D T U ,  T e c h n i c a l  U n i v e r s i t y  o f  D e n m a r k
8
E x a m p l e  d a y - a h e a d  s c e n a r i o  t r e e  f o r  P J M  n e t  
l o a d
0
2 0 0 0 0
4 0 0 0 0
6 0 0 0 0
8 0 0 0 0
1 0 0 0 0 0
1 2 0 0 0 0
1 3 5 7 9 1 1 1 3 1 5 1 7 1 9 2 1 2 3 2 5 2 7 2 9 3 1 3 3 3 5




















S c e n a r i o  1 S c e n a r i o  2 S c e n a r i o  3 S c e n a r i o  4
S c e n a r i o  5 S c e n a r i o  6 E x p e c t e d  V a l u e R e a l i s e d  V a l u e
4 4 I E A  W i n d ,  D T U  p a r t i c i p a t i o n  i n  A n n e x  2 5  p h a s e  2
R i s ø  D T U ,  T e c h n i c a l  U n i v e r s i t y  o f  D e n m a r k
9
S c h e d u l i n g  m o d e l
• F i r s t  t h r e e  h o u r s  i n  s c e n a r i o  t r e e  d e t e r m i n i s t i c :
• R e a l i z e d  w i n d  p o w e r  p r o d u c t i o n
• R e a l i z e d  l o a d
• D e m a n d  r e p l a c e m e n t  r e s e r v e  ( t a k i n g  u n c e r t a i n t y  i n  w i n d  p o w e r  p r o d u c t i o n  
f o r e c a s t s  a n d  l o a d  f o r e c a s t s  f o r  f o r e c a s t  h o r i z o n s  1  t o  3  h o u r s  a h e a d  i n t o  
a c c o u n t )  
• O p t i m i z a t i o n  o v e r  a l l  o u t c o m e s  r e p r e s e n t e d  b y  t h e  s c e n a r i o  t r e e  t a k i n g  b o t h  
d e m a n d s  f o r  e l e c t r i c i t y  a n d  d e m a n d  f o r  s p i n n i n g  a n d  r e p l a c e m e n t  r e s e r v e s  
i n t o  a c c o u n t
• M i n i m i z a t i o n  o f  e x p e c t e d  c o s t s .  E x p e c t a t i o n  t a k e n  o v e r  b r a n c h e s  i n  s c e n a r i o  
t r e e
• U n i t  r e s t r i c t i o n s :  m i n i m u m  u p  t i m e ,  m i n i m u m  d o w n  t i m e ,  s t a r t - u p  t i m e ,  
m i n i m u m  s t a b l e  o p e r a t i o n  l e v e l ,  p i e c e - w i s e  l i n e a r  f u e l  c o n s u m p t i o n  c u r v e ,  
r e s t r i c t i o n  o n  a b i l i t y  t o  p r o v i d e  s p i n n i n g  r e s e r v e ,  r a m p  u p  r a t e s ,  r a m p  d o w n  
r a t e s ,  e t c .
• I m p l e m e n t e d  i n  G A M S  u s i n g  C P L E X  s o l v e r
R i s ø  D T U ,  T e c h n i c a l  U n i v e r s i t y  o f  D e n m a r k
1 0
R e p r e s e n t a t i o n  o f  t r a n s m i s s i o n  g r i d
• M o d e l  a r e a  d i v i d e d  i n t o  E W I T S  r e g i o n s
• R e g i o n s  c o n n e c t e d  b y  t r a n s m i s s i o n  l i n e s
• N o  g r i d  r e p r e s e n t a t i o n  w i t h i n  a  r e g i o n  ( o n l y  a v e r a g e  t r a n s m i s s i o n  a n d  
d i s t r i b u t i o n  l o s s )
• E n e r g y  e x c h a n g e  b e t w e e n  r e g i o n s .  G r i d  r e s t r i c t i o n s  e x p r e s s e d  b y  u s a g e  
o f  N T C s ( n e t  t r a n s f e r  c a p a c i t i e s )
• M o n t h l y  N T C s o b t a i n e d  f r o m  P r o m o d l o a d  f l o w  c a l c u l a t i o n s
4 5 I E A  W i n d ,  D T U  p a r t i c i p a t i o n  i n  A n n e x  2 5  p h a s e  2
R i s ø  D T U ,  T e c h n i c a l  U n i v e r s i t y  o f  D e n m a r k
1 1
R e s u l t s
• M o d e l  r u n s :
• S T O : S t o c h a s t i c  p l a n n i n g  u s i n g  s c e n a r i o  t r e e s  w i t h  s i x  b r a n c h e s  
( s i x  f o r e c a s t s ) ,  u n i t  c o m m i t m e n t  u p d a t e d  e v e r y  3  h o u r s
• U C D a y : S t o c h a s t i c  p l a n n i n g ,  u n i t  c o m m i t m e n t  f o r  u n i t s  w i t h  
s t a r t  t i m e s  g r e a t e r  t h a n  1  h o u r ,  u p d a t e d  o n c e  p e r  d a y  i n  t h e  
d a y - a h e a d  m a r k e t
• O T S : D e t e r m i n i s t i c  p l a n n i n g  w i t h  f o r e c a s t  e r r o r  ( o n l y  o n e  
f o r e c a s t ) ,  u n i t  c o m m i t m e n t  u p d a t e d  e v e r y  t h r e e  h o u r s
• P F C : D e t e r m i n i s t i c  p l a n n i n g  w i t h  p e r f e c t  f o r e s i g h t  i . e .  w i n d  
p o w e r  a n d  l o a d  f o r e c a s t s  c o r r e s p o n d s  t o  r e a l i z e d  w i n d  p o w e r  
a n d  l o a d .
• C o m p a r i s o n s  o f  t h e s e  m o d e l  r u n s  g i v e s  i n s i g h t  i n t o  
t h e  d i f f e r e n c e s  o f  f o r e c a s t  e r r o r ,  s t o c h a s t i c  p l a n n i n g ,  
a n d  r o l l i n g  U C  u p d a t e s
R i s ø  D T U ,  T e c h n i c a l  U n i v e r s i t y  o f  D e n m a r k
P o w e r  p r o d u c t i o n  d i s t r i b u t e d  o n  f u e l  t y p e






1 , 0 0 0
1 , 2 0 0
1 , 4 0 0
1 , 6 0 0







































O T S S T O U C D a y P F C
4 6 I E A  W i n d ,  D T U  p a r t i c i p a t i o n  i n  A n n e x  2 5  p h a s e  2
R i s ø  D T U ,  T e c h n i c a l  U n i v e r s i t y  o f  D e n m a r k
W i n d  c u r t a i l m e n t
2 1 - a u g - 2 0 0 8T i t l e  o f  t h e  p r e s e n t a t i o n1 3
0 . 0 0
5 . 0 0
1 0 . 0 0
1 5 . 0 0
2 0 . 0 0
2 5 . 0 0
3 0 . 0 0
3 5 . 0 0
4 0 . 0 0
4 5 . 0 0




























































U C D a y S T O O T S P F C
R i s ø  D T U ,  T e c h n i c a l  U n i v e r s i t y  o f  D e n m a r k
C o s t  d i f f e r e n c e s  m u s t  r u n  c o a l  – c o a l  n o t  
m u s t  r u n
2 1 - a u g - 2 0 0 8T i t l e  o f  t h e  p r e s e n t a t i o n1 4
O T S  
( M $ )  
P F C
( M $ )  S T O  ( M $ )  
U C D a y  
( M $ )  
C o a l  M u s t - R u n  
6 0 8 0 3 6 0 4 5 7 6 1 1 1 1 6 1 0 3 5
C o a l  N o n - M u s t - R u n
5 8 6 8 8 5 8 0 5 5 5 8 4 8 1 5 9 2 5 9
C o a l  M u s t  R u n  -  i n c r e a s e  v s .  S T O  
- 0 . 5 % - 1 . 1 % 0 . 0 % - 0 . 1 %
C o a l  N o n  M u s t  R u n  - i n c r e a s e  v s .
S T O  
0 . 4 % - 0 . 7 % 0 . 0 % 1 . 3 %
I n c r e a s e  w i t h  c o a l  m u s t  r u n  
- 3 . 6 % - 4 . 1 % - 4 . 5 % - 3 . 0 %
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R i s ø  D T U ,  T e c h n i c a l  U n i v e r s i t y  o f  D e n m a r k
O p e r a t i o n a l  c o s t s  ( m a i n l y  f u e l  c o s t s )
• V a l u e  i n t r a - d a y  r e s c h e d u l i n g :  
7 7 8  M $  ( 1 . 3 % )  ( U C D a y
m i n u s  S T O )
• V a l u e  s t o c h a s t i c  U C :  2 0 7  M $  
( 0 . 3 6 % )  ( O T S  m i n u s  S T O )
• V a l u e  p e r f e c t  f o r e s i g h t :  4 2 6  
M $  ( 0 . 7 % )  ( S T O  m i n u s  P F C )
• I t  a p p e a r s  r o l l i n g  u n i t  
c o m m i t m e n t  g i v e s  m o r e  
v a l u e  t h a n  s t o c h a s t i c  
p l a n n i n g
5 7 , 4 0 0
5 7 , 6 0 0
5 7 , 8 0 0
5 8 , 0 0 0
5 8 , 2 0 0
5 8 , 4 0 0
5 8 , 6 0 0
5 8 , 8 0 0
5 9 , 0 0 0
5 9 , 2 0 0
5 9 , 4 0 0
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DTU Wind Energy is a department of the Technical University of Denmark with a unique integration of research, education, innovation and 
public/private sector consulting in the field of wind energy. Our activities develop new opportunities and technology for the global and Danish 
exploitation of wind energy. Research focuses on key technical-scientific fields, which are central for the development, innovation and use of 
wind energy and provides the basis for advanced education at the education.  
 
We have more than 230 staff members of which approximately 60 are PhD students. Research is conducted within 9 research programmes or-
ganized into three main topics: Wind energy systems, Wind turbine technology and Basics for wind energy. 
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